ABSTRACT
INTRODUCTION HE EVALUATION OF COMPOSITE DURABILITY AND STRUCTURAL RELI-
ability is dependent upon having the capability to characterize defects and subsequent defect growth to fracture. Having this capability involves techniques and methods for determining combined stress states in composite laminates and the subsequent application of failure criteria. The objective of this study is to develop and refine models and procedures for determining progressive composite fracture including characterization of crack propagation and failure mechanisms in graphite/epoxy angleplied laminates.
Unique Lewis Research Center capabilities utilized in this study include the Composite Durability Structural Analysis (CODSTRAN) computer code and the Real-Time Ultrasonic C-Scan (RUSCAN) experimental facility. The CODSTRAN computer code is an upward integrated mechanistic method for predicting durability and defect growth in composites. By using this method, damage is accounted for at the ply level. Therefore analytical solutions which treat laminates as a homogeneous medium are not applicable. The predictive capability of CODSTRAN is accomplished by incorporating composite mechanics, laminate theory, structural analysis (finite element), and fracture criteria modules into a complete analysis scheme. The in-plane response of a composite structure is predicted by using two-dimensional finite element analysis. However, the complete analysis is a psuedo three-dimensional analysis that accounts for the fully three-dimensional stress state while not explicitly calculating the through-the-thickness stresses. Predicting damage growth in composites is beginning to receive attention using both twodimensional (Reference [1] ) and three-dimensional (Reference [2] ) finite element analysis. The RUSCAN experimental facility is a nondestructive ultrasonic C-Scan testing apparatus which can scan a specimen or structure under an applied load for defects and damage. Other destructive and nondestructive inspection techniques that can be used to provide complete descriptions of damage to composite laminates are discussed in Reference [3] . The CODSTRAN and RUSCAN capabilities, along with post-mortem analysis by scanning electron microscopy, are used in this study to characterize progressive fracture of composites.
A series of 4-ply angleplied graphite/epoxy laminates were fabricated using Fiberite 1034E prepreg (934 resin matrix system impregnated with Thornel 300 graphite fibers). The series of angleplied laminates were of ply orientations (:t8)s where 0 = 0, 3, 5, 10, 15, 30, 45, 60, 75 and 90 °. Specimens were tested with and without notches. The two types of full penetration notches introduced into the specimens were centered slits, 0.25 by 0.05 in, and centered circular holes of 0.25 in diameter. All specimens were loaded in uniaxial tension and ultrasonically C-Scanned at specified load increments. Specimens were tabbed at each end with 2 in wide beveled aluminum tabs. The surface area of the specimen over which tabs are placed is first abraded with aluminum oxide sand. Excess sand is removed from the surface by a jet of compressed air. Tabs are then clamped to the specimens using an adhesive film. The adhesive film requires a curing period of 2-1/2 hr at 250°F to solidly bond the tabs to the specimen. The entire specimen fabrication process is shown pictorially in Figure 1 .
TESTING PROCEDURES
The specimens were loaded in uniaxial tension and concurrently ultrasonically C-Scanned. A 50 kip load frame was used to apply the tensile load to the specimen ( Figure 2 ). Mechanical grips are used to transfer the load to the specimen through the aluminum tabs. The load is incremented in a predetermined step-wise manner with ultrasonic C-Scans taken at each load step. The RUSCAN (Real-Time Ultrasonic C'-Scan) facility (Figure 3) As noted previously, the specimens were loaded, step-wise, at a predetermined rate. Each load is held until the desired C-Scan is completed. The loading continues as predetermined until damage, as seen on the gray scale image, dictates a change in the load increment size. Once damage was noted on the 4-ply angleplied laminates, load increments were normally set to 20 lb, which is the minimum measurable load increase on the load frame. This minimum load step proved to be sufficient for both low-and high-angle angleplied laminates. Loading and scanning continue until fracture of the specimen occurs.
The mode of failure for each specimen was observed and recorded with an AMRAY 1200 scanning electron microscope (SEM). The procedure employed in preparing the fracture surfaces of the specimens is described below.
A segment of the fractured surface located near the tip of the original notch is selected for examination. Having preserved the fracture surface across the entire width of the specimen, the segment, approximately 0.75 in wide, is cut out using a diamond cutting wheel. It is then mounted on an aluminum seat. The segment is subjected to a sputtering process which coats it with a gold film approximately 200 A thick. The end result is an increase in electrical conductivity that in turn improves the transmission by the SEM. The fracture surface is examined and photomicrographs revealing the failure mode(s) are taken.
ANALYTICAL METHODS
The Composite Durability Structural Analysis (CODSTRAN) computer code is used to predict progressive fracture of composites (Reference [5] ). A flow-chart of the program is found in Figure 4 . Embedded in CODSTRAN is a composite mechanics program known as the Multilayered Fiber Composite Analysis (MFCA) computer code which is described in detail in Reference [6] . CODSTRAN 
SOLID SPECIMENS
The longitudinal strength (SIIIT) of the unidirectional composite was 202 ksi determined by using the gross-area stress. This measured value of S~ compares favorably with the longitudinal tensile strength, predicted from micromechanics (Reference [6] ), equal to 214 ksi. Stress magnitudes at the fracture loads for the series of angleplied laminates are shown in Figure 5 .
All specimens were C-Scanned during loading but due to the absence of stress concentrations (because of specimen geometry) very Figure 5 . It is evident from the results that the load carrying capacity of the graphite/epoxy composite system tested is independent of the notch/defect type. This is in agreement with previously conducted experimental investigations (Reference [9] together with the laminate material properties used in the finite element analysis. NASTRAN triangular (CTRIA2) and quadrilateral (CQUAD2) plate elements are used. For the in-plane motions that the elements are subject to in this analysis, constant rotation and strain in the triangular elements is assumed. The stiffness matrix of the quadrilateral elements is derived from the superposition of four constant strain triangular elements (Reference [7] ). Because these plate elements, if too large, can be excessively stiff in regions of steep stress gradients, the finite element mesh is refined around the notch tips as seen in Figure 8 . Failure modes are identified from the combined stress states predicted by the finite element method, with and without consideration of lamination residual stresses. The failure modes can be any of the following : (1) Graphical results are presented which aid in explaining the combined stress states and modes of failure in angleplied laminates. Figure 9 shows how graphite fibers in the composite system act as a bridge between points of stress concentration and areas at a distance from that concentration. As shown, a very steep gradient in longitudinal stress (normal to the crack plane) Figure 9 . Crack tip normalized longitudinal stress distribution for the umdirectional and h45Js laminates. (r = distance from the crack tip. J occurs at the notch tip in the unidirectional composite. In the [±45]S laminate, the longitudinal stress concentration is dissipated more gradually as the fibers traversing the area from the notch tip outward in the fiber direction, decay the concentration inversely proportional to the square root of the distance from the crack tip. This decay is valid up to a distance of two laminate thicknesses away from the notch tip. As expected, the transverse and shear stresses approach zero at the notch tip. In the [±45JS laminate with a throughhole, this longitudinal stress concentration approaches three times the farfield longitudinal stress as found in homogeneous/isotropic material. For angleplied laminates of higher angle orientations, greater than ±30, the stress concentration is maintained at the crack tip as crack growth occurs, leading to brittle fracture. As opposed to classical solutions for stress concentrations which are based upon a zero radius at the crack tip, the notches investigated here had squared tips. Despite this, the stress concentrations calculated by finite element analysis do approach those predicted by classical theory of anisotropic plates (Reference [10] ). Shear failure above and below the notch tips in the angleplied laminates with ply angles less than ± 10 cause progressive fracture. Damage first occurs at or near the notch tip, followed by stress relief, and hence, since the load carrying capacity has been transferred to intact laminate, increased loads can be sustained. Figure 10 shows load crack-opening-displacement (COD) curves for the unidirectional and [±45]s laminates. As seen, the COD of the [±45]s laminates is linear until brittle fracture occurs. From zero load up to the load where shear failures start occurring around the notch tip, the COD of the unidirectional composite is also linear. At loads where shear failures result, there is a discontinuity in the crack opening displacement as progressive fracture ensues. After the composite has stabilized by stress redistribution, the COD will again increase linearly due to higher loads. This type of behavior that the unidirectional composite exhibits is known as defect blunting and is the main contributor to the notch insensitivity of unidirectional composites. (Figure 15(b) (Figure 15(c) ). Since the combined stress state for these cases is such that equilibrium in the laminate is 
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